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Role of nitric oxide in renal tubular apoptosis of unilateral stitial edema, and influx of leukocytes into the kidney [2].
ureteral obstruction. On the other hand, the chronic phase of the obstructed
Background. The obstructed kidney in unilateral ureteral kidney is characterized by developing hydronephrosis,obstruction (UUO) is characterized by renal atrophy and tissue
renal atrophy, remarkable renal weight loss, interstitialloss, which is mediated by renal tubular apoptosis. We sought
fibrosis, and renal dysfunction [3]. It has been suggestedto determine whether NO is involved in renal tubular apoptosis
in vitro and in vivo. that renal tubular apoptosis is related to renal tubular
Methods. Rat renal tubular epithelial cells (NRK-52E) were atrophy and renal tissue loss in UUO [4, 5]. Nevertheless,
subjected to mechanical stretch, and apoptosis and cell size a specific pro-apoptotic factor in renal tubules in thewere analyzed by flow cytometry. Furthermore, we studied
obstructed kidney has not been identified, although manyUUO in mice lacking the gene for inducible nitric oxide syn-
factors promoting renal apoptosis have been suggested,thase (iNOS2/2) and their wild-type littermates. Tubular apo-
ptosis and proliferation were detected by immunostaining. including p53, p21, p27, Fas receptor, transforming growth
NOS activity and NOS expression were assessed by a citrulline factor-b (TGF-b), tumor necrosis factor-a (TNF-a) and
assay and Western blot, respectively. ischemia [6, 7]. The changes in intrarenal pressure ac-Results. Stretching-induced apoptosis in NRK-52E, which was
companying UUO could result in tubular cell stretchreduced when NO was increased; conversely, stretch-induced
and alterations in mediator release [8]. It is reported thatapoptosis was increased when a NOS inhibitor was added to
the cells. Stretched cells are larger and more apoptotic than mechanical stretch induces apoptosis and that bcl-2 and
unstretched cells. In UUO, the obstructed kidney of iNOS2/2 p53 modify apoptosis in aortic endothelial cells [9]. Me-
mice exhibited more apoptotic renal tubules than the wild- chanical stretch could be a pro-apoptotic factor in UUO.type mice through 14 days of UUO. The obstructed kidney of
However, these results appear to depend on cell typesiNOS2/2 mice at day 3 showed more proliferative tubules
and the mechanism of apoptosis through mechanicalcompared with wild type. The obstructed kidney of wild-type
mice exhibited higher total NOS activity until day 7 after UUO stretch is still unclear.
compared with iNOS2/2 mice. However, the obstructed kid- Nitric oxide (NO) production is known to modify renal
ney of day 14 wild-type mice exhibited significantly lower iNOS hemodynamics in the early phase [10, 11] and to functionactivity and protein compared with the day 0 kidney.
as an antifibrotic factor in the chronic phase of UUOConclusion. These results suggest that mechanical stretch is
related to renal tubular apoptosis and that NO plays a protec- [12]. Inducible NO synthase (iNOS) is expressed in the
tive role in this system in UUO. kidney spontaneously [13, 14]; the source of NO and its
production have not been well characterized. Moreover,
the effect of NO on renal atrophy or renal tissue loss
Unilateral ureteral obstruction (UUO) is known to is not well understood. Both pro-apoptotic and anti-
induce functional and pathological changes in the ob- apoptotic effects of NO have been demonstrated so far
structed kidney. The acute phase of the obstructed kid- [15]. The protective role of either exogenous or endoge-
ney is characterized by dramatic changes in glomerular nous NO, against apoptosis in B cells, contrasts with NO-
filtration rate (GFR), renal blood flow (RBF) [1], inter- induced apoptosis in other cell types such as macro-
phages [16]. Thus, NO can be either toxic or protective,
depending on the situation, the proverbial double-edgedKey words: cell death, stretching-induced apoptosis, renoprotection,
obstructed kidney, hemodynamics. sword [17]. Animals genetically deficient in iNOS
(iNOS2/2) have been generated [18] and can be usedReceived for publication August 16, 1999
to study the role of NO in apoptosis. Therefore, this studyand in revised form September 27, 2000
Accepted for publication October 30, 2000 was undertaken to determine how mechanical stretch
contributes to apoptosis and how NO contributes to re-Ó 2001 by the International Society of Nephrology
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nal tubular apoptosis in the obstructed kidney of UUO gated on forward versus side scatter, and apoptosis-asso-
using iNOS2/2 mice. ciated fluorescence was measured using a log scale.
Flow cytometric detection of phosphatidylserine
METHODS expression (Annexin V)
Materials In the initial stage of apoptosis, phosphatidylserine
NRK-52E cells, a clonal line established from normal (PS) is translocated to the outer layer of the cells.
rat kidney tubular epithelial cells (CRL1571), were ob- Annexin V is a phospholipid-binding protein that binds
tained from the American Type Culture Collection to PS; this can be detected by flow cytometry [20]. After
(Rockville, MD, USA). l-arginine, L-N-nitro-l-arginine various treatments, cells were harvested, and 0.5 mg/mL
methylester (L-NAME), S-nitroso-N-acetyl-penicillamine FITC-labeled annexin V (Trevigen, Gaithersburg, MD,
(SNAP), and l-nitro-l-arginine methylester (L-NMA) USA) was added. Cells were then incubated for 15 min-
were purchased from Sigma Chemical Co. (St. Louis, MO, utes. Propidium iodide (PI) was also applied to cells in
USA). Dulbecco’s modified Eagle’s medium (DMEM), order to distinguish necrosis from apoptosis. Cells were
fetal calf serum (FCS), and phosphate-buffered saline analyzed on the flow cytometer, as described previously
(PBS) were obtained from GIBCO BRL (Grand Island, in this article. Cells with higher PI, which are necrotic,
NY, USA). were deleted from the analysis.
Cell culture Reverse transcriptase-polymerase chain reaction
NRK-52E cells were carried in a monolayer cell cul- RNA was extracted from cells or tissue by the single-
ture and maintained in 75 cm2 culture flask (Corning, step acid guanidinium thiocyanate-phenol-chloroform ex-
Cambridge, MA, USA) with DMEM containing 5% traction. First-strand cDNA was synthesized from RNA
FCS, 100 U/mL penicillin, 100 mg/mL streptomycin in a by M-MLV reverse transcriptase (GIBCO BRL). The
humidified atmosphere of 5% CO2/95% O2 at 378C. reaction tubes were incubated at 378C for one hour. We
amplified the synthesized first-strand cDNA by polymer-Applying mechanical stretch to cells
ase chain reaction with 0.5 mmol/L of each primer in a
Cells were seeded on six-well plates (25 mm diameter) reaction consisting of 20 mmol/L Tris-HCl, 50 mmol/L
of flexible silicone or on rigid-bottomed plates coated
KCl, 1.5 mmol/L MgCl2, 200 mmol/L dNTP, and 2.5 Uwith collagen type I (Flex I and II culture plates, respec-
Taq DNA polymerase (GIBCO BRL).
tively; Flexcell Corp., Mckeesport, PA, USA) and
The primers used were as follows: mouse iNOS, 59-ATCDMEM, including 10% FCS. After five hours, the super-
AGCCTTTCTCTGTCTCC-39 and 59-GGCTTTCTGTCnatant was removed and replaced with serum-free me-
TGTTCTCTC-39; b-actin, 59-GGTCACCCACACACTdium. NRK-52E cells were subjected to mechanical
GTGCCCAT-39 and 59-GGATGCCACAGGACTCCAstretch using a Flexcell Strain Unit FX-2000 (Flexcell
TGC-39. Each polymerase chain reaction (PCR) wasCorp.). A microprocessor controlled negative pressure
carried out at various cycles under identical conditionsto the flexible bottoms, resulting in reproducible defor-
to optimize the number of cycles. The PCR productsmation of the silicone rubber and the attached cells,
were electrophoresed on agarose gel (2%). After stain-providing a maximal elongation of 20%. All experiments
ing by ethidium bromide, DNA bands were visualizedwere carried out using alternate cycles of five seconds
with an ultraviolet transilluminator (Hoefer Scientific,of stretch and five seconds of relaxation at a rate of
San Francisco, CA, USA). DNA bands were analyzedsix cycles per minute at 378C, 5% CO2 in a humidified
by computer-assisted densitometric scanning of these im-incubator. All treatments were done in triplicate, and
ages using the National Institutes of Health Image pro-all experiments were replicated three to five times. Cells
gram. PCR amplification was conducted starting withwere collected for either RNA isolation or analysis by
equal reverse transcriptase (RT) reaction solutions. andflow cytometry.
the intensity of each PCR band was expressed in arbi-
Flow cytometric detection of DNA strand breaks trary units. The intensity of each band increased in paral-
lel with the increasing number of PCR cycles. The num-After various treatments, cells were removed from the
ber of PCR cycles for each product (iNOS, 25 cycles,bottom with trypsinization. After washing cells with PBS,
and b-actin, 23 cycles) were determined in the linearcells were fixed and permeabilized with 70% ethanol at
range of amplification. In each instance, the constitu-48C for one hour [19]. Fragmented DNA was then de-
tively expressed b-actin mRNA was used as an internaltected by the TUNEL assay (Intergen Co., Purchase, NY,
standard for RT-PCR. No PCR bands were observed inUSA). For flow cytometry, FITC-labeled antidigoxigenin
samples in which the reverse transcriptase step had beenantibody was applied. Then cells were analyzed on the
flow cytometer after washing. During analysis, cells were omitted.
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Fig. 1. Polymerase chain reaction (PCR) of
nitric oxide synthase (NOS) from tail-clip
DNA. (A) Inducible NOS (iNOS): lane 1,
marker (500 bp and 300 bp); lanes 2 through
13, wild-type mice; lane 14, marker; lanes 15
through 23, iNOS2/2 mice; and lane 24, posi-
tive control (wild type). (B) Knockout geno-
type. Lane 1, marker (1000 bp); lanes 2–12,
wild type; lane 13, iNOS2/2 mouse; lane 14,
marker; lanes 15–25, iNOS2/2 mice.
Mice lacking the iNOS gene chow and water ad libitum. After the administration of
intraperitoneal pentobarbital, both obstructed and unob-Mice lacking the iNOS gene (iNOS2/2) were ob-
structed kidneys were harvested after 3, 7, and 14 days.tained from Dr. Carl Nathan (Weill Medical College
Animal treatment adhered to approved institutionalCornell University, New York, NY, USA). The iNOS
guidelines. Separate groups of wild-type and iNOS2/2gene was inactivated through homologous recombina-
mice (N 5 4 per group) were treated intraperitoneallytion using a replacement vector targeted to delete the
with L-NAME, a nonspecific NOS inhibitor, at a doseproximal 585 bases of the iNOS promoter. The extent
of 50 mg/kg for seven days. Apoptotic and proliferativeand selectivity of iNOS deficiency in vivo were confirmed
processes in the kidneys of these mice were comparedby Northern and Southern blots. Southern blots demon-
with untreated mice.strated a single iNOS allele in wild-type animals, which
was not detected in knockouts. iNOS was unable to be
Determination of kidney weightinduced, while NOS1 and NOS3 expression were neither
When kidneys were harvested, each kidney was decap-diminished nor increased in compensation for iNOS de-
ficiency [18]. In the present study, the NOS genotype sulated, washed with saline, bisected coronally, blotted
was determined by PCR using tail-clip DNA. Tails were dry on gauze, and weighed [21]. The whole kidney weight
cut into 0.4 to 0.6 cm pieces, and DNA was isolated using was expressed as a percentage of body weight deter-
a QIAamp kit (Qiagen, Valencia, CA, USA). Briefly, mined at the time the mice were euthanized.
samples were incubated in proteinase K and were centri-
Measurement of NOS activityfuged and incubated in buffer containing ethanol. RNAse
was added to the sample, which was then spun on a After harvesting obstructed and contralateral kidney,
QIAamp spin column. PCR was carried out. Seventy including cortex and medulla, from either wild-type or
nanagrams of DNA were used per reaction, and primers knockout mice, samples were stored in 2808C freezer
were specific for either wild-type iNOS or the iNOS2/2, until assay. Samples, including renal cortex and medulla,
which was visualized as a mutant form. Then electropho- were homogenized with a glass-glass Dounce homogenizer
resis was carried out using an agarose gel, and bands (Kontes, Vineland, NJ, USA) in homogenization buffer
were visualized with ethidium bromide. PCR products [1 mmol/L ethylenediaminetetraacetic acid (EDTA),
of tail-clip DNA from knockout and wild-type mice dem- 1 mmol/L egtazic acid (EGTA), and protease inhibitor
onstrated that knockout mice did not show the single
cocktail]. The samples were centrifuged for 30 minutesband, which corresponds to the standard for iNOS, while
(10,000 3 g) at 48C and resuspended. Samples were thenDNA from wild-type mice showed single bands corre-
incubated in buffer containing 1 mmol/L nicotinamide ade-sponding to iNOS (413 bp; Fig. 1A). In contrast, DNA
nine dinucleotide phosphate (NADPH; Sigma), 10 mmol/Lfrom knockout mice showed the knockout genotype (Fig.
tetrahydrobiopterin, 60 nmol/L calmodulin (Calbio-1B), whereas DNA from wild-type mice did not exhibit
chem, La Jolla, CA, USA), 200 mmol/L CaCl2, 20 mmol/Lthe knockout genotype (1288 bp).
l-arginine, and tritium-labeled arginine (DuPont, Boston,
In vivo unilateral ureteral obstruction model and MA, USA) at 378C for one hour in the presence and ab-
L-NAME treatment sence of 1 mmol/L EGTA (Ca chelator) or L-NMA (NOS
inhibitor) [22]. Reactions were terminated with stopWild-type and knockout mice (N 5 4 to 7 per group)
buffer (C2H3O2Na, citrulline, EDTA) and then passedunderwent left unilateral ureteral ligation with 4-0 silk
over a 1 mL of an exchange resin, DOWEX 50WX8-100suture through an abdominal midline incision under ster-
(Sigma). Then [3H]-citrulline was measured by countingile conditions. Animals were anesthetized with 0.15 cc
in a scintillation counter. Measured NOS activity wasintraperitoneal pentobarbital (6.5 mg/mL). Animals were
housed in a group of three to five and fed standard expressed as picomole of citrulline/h/mg protein.
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Western blot for iNOS and PCNA
Samples were stored in a 2808C freezer until assay.
Samples were then homogenized in homogenization
buffer. The homogenates were centrifuged at 3000 r.p.m.
for 30 minutes. The supernatant was separated, and the
protein concentration of the lysate was determined with
the Bradford protein assay (Bio-Rad, Hercules, CA,
USA). For Western blot analysis, 2 mg of protein was
applied to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE); Coomassie blue staining
was used to ensure that equivalent amounts of protein
were blotted (Fig. 10). The protein was then transferred
to a nitrocellulose membrane (Bio-Rad). The nitrocellu-
lose membrane was blocked with PBST (PBS with 0.1%
Tween-20) solution containing 5% nonfat milk and was
incubated overnight at 48C with primary polyclonal anti-
body to iNOS (1:5000; Transduction Laboratories, Lex- Fig. 2. Detection of fragmented DNA with the TUNEL assay in
ington, KY, USA) or primary polyclonal antibody to stretched NRK-52E cells. Abbreviations are: Str, stretched cells; Ar,
l-arginine 1 mmol/L; NA, L-NAME 0.5 mmol/L. *P , 0.01 comparedPCNA (1:2000; Santa Cruz Laboratories, Santa Cruz,
with control; #P , 0.05 compared with stretched cells (N 5 4).CA, USA). Following this, a one-hour incubation with
goat-horseradish peroxidase (HRP)-conjugated second-
ary Ab was carried out. After washing, streptavidin-HRP
was applied to the membrane for 30 minutes, followed dase complex (Vector Laboratories) and developed with
by washing and application of Opti-4CN (4-chloro-1 diaminobenzidene (DAB). After washing slides, coun-
naphthol, HRP substrate) until development. The mem-
terstaining was done with 10% hematoxylin for one to
brane was scanned, and the intensity of each band was
two minutes. Positive renal tubular cells were countedquantitated by NIH image, a program downloaded from
in 10 high-power fields (3400) by two different indepen-http://www.shareware.com. iNOS was detected as a 130 kD
dent investigators in a blinded fashion.band, and PCNA was detected as a 36 kD band. Relative
intensity was determined from the mean value of each
In situ detection of DNA strand breaksset of samples and is expressed as a percentage of control.
To quantitate nuclei with fragmented DNA, theThe number of samples is indicated in the figure legend.
TUNEL assay (Intergen Co.) was performed according
Immunohistochemistry to stain proliferating cells to the method of Gavrieli, Sherman and Ben-Sasson,
Wedges of hemisected obstructed and contralateral with a slight modification [23]. After deparaffinization
kidneys were placed in neutral-buffered formalin and and quenching endogenous hydrogen peroxide as de-
embedded in paraffin. Paraffin-embedded sections (5 mm) scribed previously in this article, sections were treated
were cut onto glass slides. Sections were deparaffinized with boiled 10 mmol/L citrate buffer for 10 minutes. The
with Hemo-De for 30 minutes, rehydrated in decreasing sections were rinsed with PBS and incubated with deoxy-
concentrations of ethanol, and washed three times in nucleotidyl transferase (TdT) with digoxigenin-dNTP for
PBS for 10 minutes. Endogenous peroxidase was one hour. The reaction was stopped with terminating
quenched for 30 minutes with 0.3% methanol solution. buffer. Then the slides were washed with PBS, and per-
To retrieve antigen, slides were boiled with 10 mmol/L oxidase conjugated antidigoxigenin Ab was applied at
citrate buffer for 10 minutes. After washing in filtered room temperature for 30 minutes. After three washes in
water and PBS, a blocking step was included using 5% PBS, slides were developed using one- to five-minute
horse serum in conjunction with avidin and biotin
incubation with DAB and were counterstained with 10%
blocking solutions (Vector Kit) for a total of 30 minutes.
hematoxylin. Positive renal tubular cells were quanti-Primary mouse monoclonal antiproliferating cellular nu-
tated in the same fashion as PCNA staining.clear antigen (PCNA) antibody (Dako, Carpinteria, CA,
USA) was then applied (dilution 1:50) at room tempera-
Statistical analysisture for one hour. Biotinylated rabbit anti-mouse sec-
All results are expressed as the mean 6 SE and wereondary antibody (dilution 1:200; Vector Laboratories,
analyzed for significance by the one-way analysis of vari-Burlingame, CA, USA) was incubated for 30 minutes.
Sections were then incubated with avidin-biotin peroxi- ance (ANOVA) and multiple comparison tests.
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RESULTS cells or cells stretched in the presence of l-arginine. We
further analyzed the relationship between cell size andEffects of mechanical stretch on apoptosis in
annexin binding. We designated the cell population thatNRK-52E cells
was larger than the mean cell size of the unstretched
We sought to determine whether mechanical stretch cells as “large cells.” The percentage (% total cells) of
induces apoptosis in NRK-52E cells. It was of interest the cells, which were both large and bright (positive
to determine whether stretch affected cell size and how annexin binding), was determined. The stretched cells
this was related to the apoptotic process. The involve- were significantly brighter and larger (2.80 6 0.19%, P ,
ment of the NO pathway was also investigated. Cells 0.01, N 5 4) compared with the unstretched cells (0.91 6
were stretched at 6 cpm and 15% elongation for 48 hours. 0.13%) or cells stretched in the presence of l-arginine
Using these parameters, a significant difference in the (0.76 6 0.17%). In addition, the cells stretched in the
apoptotic index was observed between unstretched cells presence of L-NAME were significantly brighter and
and stretched cells. Apoptosis was analyzed by flow cy- larger (3.21 6 0.17%, P , 0.01, N 5 4) compared with
tometry using the TUNEL assay as described in the those cells stretched alone.
Methods section. Stretched NRK-52E cells showed sig-
nificantly higher apoptosis (3.30 6 0.34%; Fig. 2) as In vivo UUO model in iNOS2/2 mice and
compared with unstretched cells (1.46 6 0.21%). The wild-type mice
addition of l-arginine (1 mmol/L), a NO precursor, to These results suggest that cell stretch induced apopto-
NRK-52E cells exposed to stretch significantly reduced sis, which may be mediated by the NO pathway. Since
apoptosis (1.68 6 0.22%) as compared with stretch alone UUO may be associated with stretch of tubular cells in
(Fig. 2). Moreover, SNAP (50 mmol/L), a NO donor, vivo, we decided to investigate cell apoptosis in UUO.
also significantly inhibited apoptosis (1.88 6 0.12%; data The role of NO in the in vivo process was investigated
not shown) compared with stretch alone. In contrast, the by use of iNOS2/2 mice.
addition of L-NAME (0.5 mmol/L), a NOS inhibitor,
to stretched NRK-52E cells significantly increased the iNOS mRNA detection in the kidney of
apoptotic index (7.71 6 0.94%) as compared with either wild-type mice
unstretched cells or stretched cells alone. In the absence To determine changes in iNOS mRNA expression in
of stretch, these compounds had no effect on cell apo- the obstructed kidney in wild-type mice, RT-PCR was
ptosis. performed with total RNA isolated from each kidney in
wild-type mice. PCR shows that wild-type day 0 kidney
Flow cytometric detection of cell size and expresses iNOS mRNA spontaneously (day 0, 0.76 6
annexin binding 0.06; Fig. 4). iNOS mRNA level (per b-actin ratio)
To evaluate the effect of mechanical stretch on cell peaked at day 3 (1.17 6 0.12) and decreased significantly
size, harvested cells were analyzed with flow cytometry. by day 7 (day 7, 0.80 6 0.16, P , 0.01). Day 14 obstructed
Figure 3A shows that stretched cells (111 6 2.2%, P , kidney express significantly less iNOS mRNA (0.32 6
0.05) are significantly larger than unstretched cells (100%). 0.07, P , 0.01) than on the other days. Contralateral
Cells stretched in the presence of L-NAME (118.1 6 unobstructed kidney expression of iNOS mRNA did not
6.9%) were also significantly larger than unstretched cells change over the course of the experiment (data not
(P , 0.01), cells stretched in the presence of l-arginine shown). INOS 2/2 mice did not express iNOS mRNA
(102.3 6 3.1%, P , 0.05), or cells stretched in the pres- (data not shown).
ence of SNAP (102.7 6 9.3%, P , 0.05). These treat-
Western blot to detect iNOSments had no effect on cell size when cells were not
subjected to mechanical stretch. In the same samples To determine changes in iNOS protein of the kidney
examined for cell size, we were able to examine cellular in wild-type mice, Western blot analysis was carried out
binding of annexin, a marker of apoptosis (Methods sec- (Fig. 5). Day 0 kidney showed expression of iNOS pro-
tion). After stretch, a significantly higher percentage of tein. After UUO, iNOS in obstructed kidney was un-
cells was apoptotic (3.4 6 0.3%; Fig. 3C) and larger, as changed at day 3 (99 6 4%). iNOS at day 14 (65 6 5%,
compared with control unstretched cells (1.5 6 0.2%; P , 0.05) was significantly lower than the level at day 0.
Fig. 3B). In addition, a smaller percentage of cells On the other hand, iNOS protein of contralateral unob-
stretched in the presence of l-arginine was apoptotic structed kidney showed no significant changes through-
(2.1 6 0.2; Fig. 3E) and smaller as compared with out two weeks (Fig. 5).
stretched cells or cells stretched in the presence of
NOS activity in the kidney (citrulline assay)L-NAME (4.5 6 0.3; Fig. 3D). A significantly higher
percentage of cells stretched in the presence of L-NAME To determine NOS activity in the kidney, we per-
formed an enzymatic assay in which [3H] arginine waswas apoptotic and larger as compared with unstretched
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Fig. 3. (A) Cells were subjected to mechanical stretch, and cell size
was determined by flow cytometry as described in the Methods section.
*P , 0.05 compared with control; #P , 0.05 compared with stretched
cells in the presence of l-arginine or SNAP (N 5 4). (B) Detection of
phosphatidylserine (PS) expression and cell size in unstretched NRK-
52E cells. Vertical axis shows PS expression and horizontal axis shows
cell size (N 5 4). (C) Detection of PS expression and cell size in stretched
NRK-52E cells (N 5 4). (D) Detection of PS expression and cell size
in stretched NRK-52E cells in the presence of L-NAME (N 5 4). (E)
Detection of PS expression and cell size in stretched NRK-52E cells in
the presence of l-arginine (N 5 4).
converted to [3H] citrulline. In this assay, we were able enzymatic iNOS activity. iNOS comprised between 72
and 79% of the total NOS activity of day 0 kidneys. Byto determine both total NOS activity and that portion
that represents the activity of the inducible NOS (iNOS day 3 in the obstructed kidney, total NOS had increased
to 20.1 pmol/h/mg and was exclusively iNOS (iNOS/activity was Ca21 independent and was detected when
the calcium chelator EGTA was present). At day 0, both total NOS, 97.3 6 1.9%; Fig. 6A). In contrast, in the
contralateral kidney, total NOS did not increase as much,left and right kidneys of wild-type mice demonstrated
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Fig. 4. RT-PCR for iNOS RNA in the obstructed kidney (N 5 4). RT-
PCR was carried out as described in the Methods section. From left
side: day 0, day 3, day 7, and day 14 after UUO.
Fig. 5. Western blot analysis for iNOS in wild-type mice (N 5 4). iNOS
was detected as 130 kD. Lane 1, marker; lanes 2 through 5, obstructed
kidney, days 0, 3, 7, and 14. Lanes 6–9, unobstructed kidney, days 14,
7, 3, and 0.
and both the constitutive and inducible forms of NOS
were found. In the obstructed kidney, by days 7 and 14,
both total NOS activity and the percentage of NOS,
which was in the inducible form, also decreased signifi-
cantly (12.1 6 1.1 pmol/h/mg, 45.2 6 0.2%; 11.2 6 0.2
pmol/h/mg; 22.5 6 13.3%; Fig. 6A). Total NOS on the
contralateral side did not change very much over time,
but the percentage of iNOS activity decreased modestly,
although not to the extent of the obstructed side.
iNOS2/2 mice showed no iNOS activity. Total NOS
activity in the iNOS2/2 mice was significantly lower
than their wild-type counterparts (Fig. 6). In the ob-
structed kidney of iNOS2/2 mice, total NOS activity
decreased gradually (day 0, 6.4 6 2.5 pmol/h/mg; day 3,
1.4 6 0.9 pmol/h/mg; day 7, 4.7 6 1.9 pmol/h/mg; day
Fig. 6. Time course of NOS activity in kidneys of wild-type and14, 2.5 6 0.9 pmol/h/mg). Total NOS also decreased in
iNOS2/2 mice (N 5 3 to 5). *P , 0.05 compared with day 0 of the
the contralateral kidneys of iNOS2/2mice. wild-type; #P , 0.05 compared with days 7 and 14 of the wild-type;
1P , 0.05 compared with total NOS activity of wild-type mice. (A)
Obstructed kidney. (B) Unobstructed kidney (N 5 3 to 5). SymbolsKidney weight
are: (h total NOS activity of wild type; (j) iNOS (Ca independent)
As shown in Figure 7A, the obstructed kidney weight activity of wild type; ( ) total NOS activity of iNOS2/2 mice.
of wild type and iNOS2/2 mice increased until day 3
after UUO. Subsequently, the obstructed kidney weight
of iNOS2/2 mice continued decreasing, while wild-type
mice did not change. The obstructed kidney weight of
As shown in Figure 7B, the contralateral unobstructediNOS2/2 mice at day 7 and day 14 (0.59 6 0.06%; 0.52 6
kidney weight of wild-type mice gradually increased up0.02%) was significantly less than that of iNOS2/2 mice
until day 14. The contralateral unobstructed kidneyat day 3 (0.84 6 0.06%). The obstructed kidney weights
weight of wild-type mice at either day 7 (0.86 6 0.04%,of iNOS2/2 mice at days 7 and 14 were significantly
P 5 0.02) or day 14 (0.92 6 0.02%, P 5 0.003) wasless than that of wild-type at day 7 (0.78 6 0.01, P ,
significantly heavier than at day 0. However, the contra-0.05) and day 14 (0.73 6 0.06, P , 0.05), respectively.
lateral unobstructed kidney of iNOS2/2 mice did notIn contrast, the obstructed kidney weight of wild-type
mice showed no significant changes over two weeks. show a significant increase in kidney weight.
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Fig. 7. Determination of changes in kidney
weight (N 5 5). (A) Obstructed kidney. *P ,
0.05 compared with wild-type mice. (B) Unob-
structed kidney. *P , 0.05 compared with day
0 of wild-type mice; #P , 0.01 compared with
day 0 of wild-type mice. Symbols are (s, j)
iNOS2/2 mice; (h, d) wild-type mice.
the obstructed kidney of wild-type mice, tubular apopto-
sis gradually increased throughout two weeks to a level
of 40.8 6 2.3 cells/high power field (HPF) (Fig. 8A). In
contrast, tubular apoptosis in the obstructed kidney of
iNOS2/2 mice peaked at day 7 (49.4 6 8.3, P , 0.05;
Fig. 8B) and was significantly higher than days 0, 3, and
14 of iNOS2/2 mice (Fig. 8C). Furthermore, there were
more apoptotic renal tubules in the obstructed kidney
of iNOS2/2 at day 3 and day 7 as compared with wild-
type obstructed kidneys. In contrast, the contralateral
unobstructed kidney of either wild-type or iNOS2/2
mice showed no significant changes in numbers of apo-
ptotic tubules over the time course of UUO (Fig. 8C).
Immunohistochemical staining for PCNA
To determine the effect of NO on renal tubular prolif-
eration, proliferating cells were stained immunohisto-
chemically by using an antibody to PCNA. In normal
kidneys from wild-type and iNOS2/2 mice, glomerulus
or interstitial space showed no positive PCNA, which is
a marker of DNA synthesis. Also, tubular epithelial cell
In situ detection of fragmented DNA by staining for PCNA was identical in normal wild-type
TUNEL assay and iNOS2/2 kidney. The number of proliferative renal
tubules in the obstructed kidney of wild-type mice in-To determine the degree of apoptosis in renal tubules,
the TUNEL assay was performed in tissue sections. In creased until day 7 (34.2 6 3.1) and modestly decreased
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Fig. 8. Apoptosis in mouse kidneys: TUNEL staining (3400) in 7-day
obstructed kidneys. (A) Wild-type mice. (B) iNOS2/2 mice. Note only
sporadic cells are positive in panel (A), as denoted by representative
arrows, whereas in (B) almost all cells in tubules labeled T are TUNEL-
positive. (C) Time course of changes in apoptotic renal tubular cells
(N 5 5 to 7). Symbols are: (j) obstructed kidney of iNOS2/2 mice;
(d) obstructed kidney of wild-type mice; (h) unobstructed kidney of
iNOS2/2 mice; (s) unobstructed kidney of wild-type mice. *P , 0.05
compared with wild-type mice obstructed kidney at the same day.
until day 14 (17.7 6 1.7). In contrast, in the obstructed Western blot analysis for PCNA
kidney of iNOS2/2 mice, the number of proliferative We examined the enhanced expression of PCNA pro-
renal tubules peaked at day 3, which was significantly tein in the day 3 obstructed kidneys from iNOS2/2 mice
higher than the other days (59.0 6 4.1; Fig. 9A). This by performing Western blots to detect PCNA. Western
was also significantly higher than wild-type obstructed blots confirmed that the expression of PCNA was en-
kidney at day 3 (32.4 6 3.0; Fig. 9B). Proliferation of hanced in day 3 obstructed kidneys from iNOS2/2 mice
renal tubules in iNOS2/2 mice decreased until day 14 compared with wild-type mice at three days of UUO
(22.4 6 2.9). The contralateral unobstructed kidney of (82.1 6 3.5% increase). The expression of PCNA in wild-
wild type showed an increase in renal tubular prolifera- type and day 0 iNOS2/2 mice was equivalent (data not
tion. In particular, proliferation on either day 7 (6.0 6 shown).
0.9) or day 14 (6.8 6 0.8) in the contralateral unob-
Treatment of mice with L-NAMEstructed kidney in wild-type mice was significantly more
than day 0 (2.4 6 0.4; Fig. 9C). However, iNOS2/2 To determine whether other isoforms of NOS contrib-
mice did not show significant changes in the contralateral ute to the effects observed using mice with a deletion of
iNOS, mice were treated with L-NAME, a nonspecificunobstructed kidney.
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Fig. 9. Proliferation in mouse kidneys. PCNA staining (3400) in 3-day
obstructed kidneys. (A) Wild-type mice. (B) iNOS 2/2 mice. Note the
increased number of positively stained nuclei in panel (B) as compared
to panel (A). (C) Time course of changes in proliferating tubular cells
in the kidney (N 5 5 to 7). Symbols are: (j) obstructed iNOS2/2
mice; (h) unobstructed iNOS2/2 mice; (d) obstructed wild-type mice;
(s) unobstructed wild-type mice. *P , 0.01 compared with wild-type
mice obstructed kidney at the same day; #P , 0.05 compared with day
0 of wild-type mice unobstructed kidney.
NOS inhibitor. Both wild-type and iNOS2/2 were treated with L-NAME was unaffected (data not shown).
In examining proliferation, we found that treatment oftreated with a 50 mg/kg dose of L-NAME, administered
wild-type mice with L-NAME had no effect on prolifera-daily for seven days. Kidneys were examined for apo-
tion in the contralateral kidney (data not shown). Inptotic and proliferative changes using the TUNEL assay
the obstructed kidney of wild-type mice treated withand PCNA expression (both staining and Western blot),
L-NAME, the number of proliferative cells (PCNA posi-respectively. Treatment of WT mice with L-NAME had
tive staining) was not significantly different from that inno effect on apoptosis in the control kidney (data not
the iNOS2/2 obstructed kidney (22.4 6 3.6 vs. 19.7 6 2.4shown). In the obstructed kidney of wild-type mice
cells/HPF, respectively). Treatment of iNOS2/2 with
treated with L-NAME, the number of apoptotic cells was L-NAME did not significantly change the number of
not significantly different from the iNOS2/2 obstructed cells, which were PCNA positive in either the obstructed
kidney (12.1 6 3.0 vs. 9.0 6 2.2 cells per HPF, respec- or contralateral kidneys (data not shown). Western blot
tively). Treatment of iNOS2/2 mice with L-NAME fur- analysis of PCNA expression confirms the previously
ther increased the number of apoptotic cells in the ob- discussed findings (Fig. 10). PCNA expression in kidneys
structed kidney compared with untreated iNOS2/2 of wild-type mice treated with L-NAME was 7878 6 167
(15.4 6 1.3 vs. 9.0 6 2.2 cells per HPF, respectively). (arbitrary units) compared with 6326 6 387 in wild-type
obstructed kidneys.Apoptosis in unobstructed kidneys of iNOS2/2 mice
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Fig. 10. Western blot analysis for PCNA ex-
pression in the obstructed kidney (N 5 4)
with or without L-NAME treatment. (Upper
panel) PCNA was detected as a 36 kD protein.
Lane 1, marker; Lane 10, standard. (Lower
panel) Coomassie blue stain corresponding to
the upper panel.
DISCUSSION apoptotic processes, especially those induced by stretch,
as occurs in UUO.The obstructed kidney is well characterized by renal
atrophy and dysfunction. Maintenance of renal tubules UUO and NO
is relevant to renal function because approximately 80%
In UUO, there have been previous suggestions thatof renal volume is occupied by the renal tubules [24],
NO may play a role in the fibrosis of UUO. Morrisseyand there is a positive correlation between the histologic
et al demonstrated that an arginine-supplemented dietpresence of tubular atrophy and a decreased GFR [25].
increased NO and that this diet was antifibrotic in UUOGobe and Axelsen reported that tubular cell apoptosis
[12]; conversely, treatment of UUO rats with L-NAME,is a cause of tubular atrophy in UUO [26]. Truong et
a NOS inhibitor, increased the fibrosis of UUO. In con-al also examined morphological changes in UUO and
firmatory experiments, Hochberg et al demonstrated in-
studied apoptosis and proliferation by immunohisto-
creases in interstitial volume in UUO in iNOS2/2 mice
chemistry, including the TUNEL assay [5]. They suggest [28]. However, other roles of NO in UUO have not been
that renal tubular cell apoptosis plays an important role explored.
in the development of tubular atrophy and renal tissue Nitric oxide is known to have effects on apoptosis [27].
loss in chronic obstructed kidney. Therefore, it is impor- It was originally shown that NO was pro-apoptotic by
tant to understand what regulates renal tubular apoptosis Albina et al, who confirmed that NO-dependent death
resulting in renal dysfunction in UUO. NO has been of murine peritoneal macrophages activated by inter-
shown to be both pro-apoptotic and anti-apoptotic [27]. feron-g (IFN-g) and lipopolysaccharide (LPS) is medi-
It is not known whether NO is pro-apoptotic or anti- ated through apoptosis [16]. However, more recent stud-
apoptotic in UUO. To determine this, we first stretched ies have shown that NO is anti-apoptotic. Mannick et al
tubular epithelial cells in vitro. We showed that there have shown that endogenous iNOS expression or expo-
are fewer apoptotic cells when cells are stretched with sure to low doses of NO donors inhibited apoptosis in
NO than in its absence. Using iNOS2/2 mice and wild- human B lymphocytes [17]. Since then, similar findings
type mice, we showed that in vivo, obstructed kidneys of were reported in vitro and in vivo [27, 29], and the ques-
iNOS2/2 mice expressed significantly less NOS activity tion of whether NO promotes or inhibits apoptosis has
and contained more apoptotic renal tubules throughout been quite controversial.
two weeks of UUO as compared with kidneys of wild- One way to assess the effect of NO is through the use
type mice. This suggests that the presence of NO in of knockout animals. NOS exists in three isoforms, and
knockouts of each NOS isoform have been generated.the wild-type obstructed kidney may serve to modulate
Miyajima et al: NO in tubular apoptosis of UUO 1301
eNOS knockouts have been used, for example, to dem- immunodeficient (SCID) mice [41]. Leri et al have shown
mechanical stretch-induces apoptosis, with a concomi-onstrate the role of NO in the maintenance of blood
pressure [30]. In UUO, we were interested in the induc- tant up-regulation of p53 and down-regulation of bcl-2
protein expression [9]. It is also reported that NO main-ible form of NOS. iNOS2/2 mice have been developed
and have been used to assess the role of NO in various tains the bcl-2 levels both in unstimulated and ligand-
activated mature B cells, giving a possible explanationpathological states [31]. We used the iNOS2/2 mice in
this UUO study to both examine total NOS activity and for the anti-apoptotic effect of NO [42]. Therefore, the
underlying cellular mechanisms still remain to be deter-assess the role of NO in apoptosis.
mined for stretch-induced apoptosis in renal tubule.
NO, stretch, and apoptosis in vitro
Role of NO in apoptosis in vivoThe changes in intrarenal pressure could lead to tubu-
lar cell stretch in UUO [8]. Several reports have shown The foregoing results suggest that the mechanism of
tubular apoptosis in the obstructed kidney may be re-that stretch induces NO production [32, 33]. On the other
hand, stretch is also reported to suppress iNOS [34]. lated to mechanical stretch, and NO appears to be anti-
apoptotic in stretched tubular cells. If NO is anti-apo-Whether mechanical stretch induces NOS or NO produc-
tion appears to depend on the cell type, species, and ptotic, then obstructed kidneys of iNOS2/2 mice should
exhibit more apoptosis than their wild-type littermates.environment. In the kidney, many types of cells are capa-
ble of secreting NO. However, the changes in intrarenal Furthermore, if stretch induces apoptosis, then the ob-
structed kidneys of iNOS2/2 mice should have furtherpressure accompanying UUO could result in activation
of tubular NOS [8]. We have previously confirmed NO exaggerated apoptosis following obstruction. Therefore,
apoptosis was measured in obstructed kidneys of wild-production in renal tubular epithelial cells exposed to
mechanical stretch [35]. type mice and iNOS2/2 mice over the course of two
weeks of UUO. The present study showed that the ob-Mechanical stretch has been shown to induce apopto-
sis in bovine aortic endothelial cells [9] and myocytes [36]. structed kidney of iNOS2/2 mice exhibits significantly
larger renal tissue loss at days 7 and 14 compared withChen et al suggested that mechanical signals associated
with changes of the cytoskeleton result in release of chemi- that of wild-type mice at the same times. The TUNEL
assay also showed that there was a significantly highercal signals [37], which may permit intracellular structural
rearrangements, including apoptosis [38]. Taken together, number of apoptotic tubules in the obstructed kidney of
iNOS2/2 mice at day 3 and day 7 after UUO. Theseit is presumed that mechanical stretch induces renal tubu-
lar apoptosis. To confirm this, we stretched NRK-52E cells results strongly support our in vitro study suggesting that
NO is anti-apoptotic. In a previous study using iNOS2/2and analyzed apoptosis with the TUNEL assay. Mechani-
cal stretch for 48 hours induced significant apoptosis. mice, it was shown that in transplanted cardiac grafts,
there was less apoptosis in iNOS2/2 mice than in theirThe numbers of cells undergoing stretch-induced apo-
ptosis was significantly reduced in the presence of l-argi- wild-type littermates [43]. It has been suggested that the
functional role of NO, as an inducer or suppressor ofnine; stretching in the presence of L-NAME resulted in
an increased number of apoptotic cells as compared with apoptosis, may be dependent on its redox biochemistry
within specific environments. Therefore, since the cellu-cells stretched alone. These results suggest that the mech-
anism of tubular apoptosis in the obstructed kidney may lar makeup of the obstructed kidney and its metabolic
requirements differ from those of the transplanted car-be related to mechanical stretch, and NO appears to be
anti-apoptotic in the stretching system. Tubular apopto- diac system and since NO has been shown to have dual
roles in apoptosis in vitro, it is not surprising that thesesis was significantly higher in larger cells and was further
increased when NO was inhibited. These results demon- two models show conflicting results.
The kidney of wild-type mice demonstrates spontane-strate that cell size is increased by mechanical stretch;
NO may play a protective role in stretch-induced apopto- ous expression of iNOS in the day 0 kidney, as shown
by RT-PCR. This result is consistent with previous worksis in renal tubular epithelial cells by allowing stretched
cells to be more compliant, with a corresponding increase demonstrating iNOS expression in normal kidneys
[13, 14]. The present study also has shown that iNOSin the threshold of apoptosis. However, how stretch and
NO are linked to apoptosis is not completely understood. expression, measured either by PCR, Western blot, or
citrulline assay, decreases significantly by day 14 of UUO.It has been shown that epidermal growth factor (EGF)
stimulates tubular cell proliferation and reduces apoptosis We also examined total NOS activity in kidney of both
wild-type and iNOS2/2 mice. Of particular interest isin rat UUO [39]. Although leukocyte infiltration might
be proposed as pro-apoptotic factor in the kidney [40], the finding that day 3 obstructed kidney of wild-type
mice showed the highest iNOS activity and the highestShappell et al have proven that lymphocyte infiltration
is not required for progressive tubular atrophy and in- iNOS/total NOS ratio; day 14 obstructed kidney of wild-
type mice demonstrated the lowest iNOS/total NOS ra-creased interstitial fibrosis in UUO in severe combined
Miyajima et al: NO in tubular apoptosis of UUO1302
tio. In contrast, control kidney of wild-type mice showed proliferation would decrease. This suggests that in the
wild-type kidney, factors other than NO may influenceno significant changes. The dramatic acute changes of
NOS activity in our study are consistent with the previous proliferation. In the iNOS2/2 mice, the lower levels of
NO may be a determining factor in proliferation, at leastreport that UUO induces NO production in vivo [11].
Total NOS activity in the obstructed kidney of iNOS2/2 at early times after UUO. In chronic UUO, other factors
may be more important in affecting renal tubular prolif-mice, in which no iNOS activity was detected, decreased
gradually after UUO. When iNOS2/2 mice were com- eration.
pared with wild-type mice, the total NOS activity of
Role of NO in UUOobstructed kidney was significantly lower than that of
wild-type mice at each point. It is suggested that the This study has demonstrated the importance of the
NO system in the maintenance of tubular integrity inpresence of NO in the wild-type obstructed kidney may
serve to modulate apoptotic processes, especially in- UUO. Obstructed kidneys exhibit less NOS activity in
the chronic phase than in the acute phase. Furthermore,duced by stretch, as occurs in UUO. As the ability of
the obstructed kidney to synthesize NO decreases, as there was more tubular apoptosis in kidneys of iNOS2/2
mice as compared with their wild-type counterparts. Thedemonstrated by NOS assay, the protective effect of NO
may be lost. As iNOS2/2 mice consistently demonstrate use of specific iNOS2/2 mice implicates a role for the
inducible isoform of NOS in the generation of NO. Phar-less NOS activity than wild-type mice, this suggests that
the kidneys of these mice have less “support” by NO macologic experiments using NOS inhibition demon-
strate the complexity of this system. When all three iso-during UUO, which could results in the increased apo-
ptosis observed in these mice. Studies using L-NAME forms of NOS are present, inhibition of NOS in WT
mice leads to increased apoptosis, but only to the extentto nonspecifically inhibit NOS suggest the importance
of the iNOS isoform as a source of NO, when all three found in iNOS2/2 mice. In mice with a targeted deletion
of iNOS treated with L-NAME, there is a further in-isoforms are present. Thus, the number of apoptotic cells
in kidneys of wild-type mice treated with L-NAME was crease in apoptosis in the obstructed kidney, suggesting
that other NOS isoforms may also be involved. The im-not different from that of untreated iNOS2/2 mice.
When the iNOS isoform is deleted, treatment with portant finding is that NO appears to be anti-apoptotic
and may also contribute to the proliferative capacityL-NAME resulted in further increases in apoptosis in
the obstructed kidneys. Thus, other isoforms of NOS of the obstructed kidney. At the clinical level, when
physicians are dealing with obstructed kidney, one im-may be important when iNOS is not available. Further-
more, no changes in apoptosis were seen in contralateral portant aspect has been the question of recoverability
of renal function. Future studies will determine whetherkidneys, either in iNOS2/2 mice or with L-NAME treat-
ment. This may indicate that when the kidney is “un- NO can serve as a prognostic factor in this situation.
stressed” that NO plays a minimal protective role.
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